D
espite significant advances in the treatment of shock, the mortality rate is still very high. Persistent systemic vasodilation resulting in multiple organ failure is a frequent cause of death among patients who succumb to endotoxic shock (1) (2) (3) (4) . Diverse molecular mechanisms of inflammation and cellular damage have been implicated in the pathogenesis of septic shock and multiple organ failure (5-7), including those related to overt generation of cytokines, eicosanoids, and reactive oxygen species (ROS), such as nitric oxide (NO), superoxide anions (O 2 . ) and peroxynitrite (ONOO Ϫ , the product formed from the interaction between NO and O 2 . ). To date, inhibitors of the synthesis͞release or actions of cytokines, eicosanoids, and NO have not been shown to have beneficial effects on shock or mortality in randomized controlled clinical trials (8) . In retrospect, these results are not surprising in light of the fact that these mediators possess both proinflammatory and anti-inflammatory properties. Thus, although individual mediators of each of these structural classes have been causally implicated in septic shock, each plays important homeostatic functions in the complex host response to the septic challenge. Accordingly, their utility as appropriate therapeutic targets for immunopharmacologic suppression has been questioned (8) . Based on our own data as well as results reported in the literature, we believe that O 2 . plays a key role in the pathogenesis of hemodynamic instability and organ dysfunction during septic shock (9) (10) (11) (12) (13) (14) . O 2 . is primarily produced by activated neutrophils and macrophages and has been associated with the inflammatory response that accompanies tissue damage in septic shock (15) (16) (17) . Under normal conditions, the formation of O 2 . is kept under tight control by endogenous superoxide dismutase (SOD) enzymes. These enzymes include the manganese enzyme in mitochondria, SOD2, and copper͞zinc enzymes present in the cytosol, SOD1, or extracellular surfaces, SOD3. The importance of SOD2 is highlighted by the findings that, in contrast to SOD1 (18) and SOD3 (19) , SOD2 knockout is lethal to mice (20) (21) (22) (26, 27) , recruitment of neutrophils at sites of inflammation (28, 29) , lipid peroxidation and oxidation, DNA single strand damage (30) , release of cytokines such as TNF-␣ and IL-1␤ (31, 32) , and formation of ONOO Ϫ , a potent cytotoxic and proinflammatory molecule (33) (34) (35) (36) (37) . One of the most important features of shock that ultimately determines survival is the reversibility of inadequate organ perfusion secondary to loss of vasomotor tone, which in turn leads to reduced venous return, reduced cardiac output, and severe arterial hypotension (5) . To overcome such hemodynamic derangements, standard treatment consists of prompt initiation of antibiotics, whereas hemodynamic abnormalities are addressed by i.v. fluid resuscitation and exogenously administered catecholamines, such as dopamine (DA) and especially norepinephrine (NE) to preserve or augment blood flow to vital organs (e.g., brain, heart, liver, and kidney). Despite such aggressive therapy, successful outcomes are limited because of the development of vascular hyporeactivity (i.e., the loss of normal vasoconstrictor responses) to exogenously administered DA and NE. This hyporeactivity hampers the ability of the clinician to sustain blood pressure, as exhibited in non-survivors of septic shock, in which blood pressure continues to drop despite administration of progressively larger doses of DA and NE. This inability to restore and maintain an appropriate blood pressure leads to severe hypoperfusion of critical organs and eventually death. Therefore, if development of sepsis-related vascular hyporeactivity to NE could be overcome, then the therapeutic administration of NE would effectively maintain blood pressure, which, in turn, would attenuate the severity of hypotension.
It is well established that O 2 . autoxidizes catecholamines, including DA, NE, and epinephrine (Epi), to their respective dopachrome and adrenochrome products (38) (39) (40) (41) (42) . This reactivity has been used in a well-documented assay to assess superoxide activity in which the linear production of adrenochrome of a catecholamine, such as epinephrine, is inhibited by SOD (43) (44) (45) (46) (44) . At the conclusion of the experiment the incubates were assayed for catecholamine content by HPLC with electrochemical detection using Varian STAR WORKSTATION software as described in detail below.
Anesthetized Rat Model: Surgical Procedure. Male SpragueDawley rats (250 -300 g) were anesthetized with inactin (100 mg͞kg i.p.). The trachea was cannulated to facilitate respiration, and body temperature was maintained at 37°C by means of a heating pad. The left femoral vein was cannulated for administration of drugs. The left femoral artery was cannulated and connected to a pressure transducer to allow for the monitoring of blood pressure. LPS from E. coli (4 mg͞kg, serotype 0111:B4) was administered as a bolus i.v. injection at a volume of 0.3 ml. Control animals received saline at the same volume and by the same route. In experiments involving blood samples, these were withdrawn from the arterial cannula.
Drug Administration. Drugs were dissolved in isotonic saline. In all experiments LPS was given as a 0.3-ml bolus i.v. injection at T0. M40403 was given at T1 or T5 as an infusion i.v. at the rate of 1 ml͞h. Control animals received the respective vehicle at the same volume and by the same route (i.v.). Where used, NE was given as a 0.3-ml bolus i.v. injection. Surviving animals were killed at 9 h after the administration of LPS as dictated by the animal experimental protocol. Adrenochrome Measurements. The detection and quantification of the sum of the noradrenochrome and adrenochrome was carried out by using an HPLC method using a Vydac (Hesperia, CA) C18 pharmaceutical 4.6 ϫ 250 mm column and with a 5% acetonitrile ϩ 95% SDS (10 mM) mobile phase (5 min elution), then 40% acetonitrile with 60% SDS plus 0.1% trifluoroacetic acid (TFA) (5 min elution) mobile phase, all eluted at 1 ml͞min. Detection of the adrenochromes utilizes the visible fluorescence of their adrenolutin product formed via treatment with NaOH (1 M, 1 ml͞min) as post column derivatization (50) . The resultant adrenolutins are detected via the emission at 518 nm after excitation at 406 nm with linear detection response to parts per billion levels. Because the adrenochromes are unstable in plasma at 37°C (reacting in a 1st-order fashion with a t 1/2 of 21 min with the nucleophilic components of the plasma proteins), it is important to slow this process by cooling the blood samples to 2-4°C and maintain that low temperature for all subsequent handling. The blood samples are processed in the following manner: 100 l of plasma (obtained via centrifugation of the blood at 4°C to separate the cells) is added to 300 l acetonitrile and centrifuged at 4°C to precipitate proteins. The supernatant (100 l) is then injected directly into the HPLC system.
Statistical Analysis. Results are expressed as mean Ϯ SEM for n rats or incubations in the case of the test tube experiments. Statistical differences between treatments were determined by one-way ANOVA, followed by Student-Newman-Keuls test. Statistical differences were accepted when P Ͻ 0.05. . renders the catecholamines biologically inactive, we evaluated the ability of NE, before and after incubation with HX͞XO, to raise mean arterial pressure (MAP) in anesthetized rats. NE (0-1 g͞kg), given as i.v bolus injections, raised the MAP of the rats in a dosedependent manner ( Fig. 1; n ϭ 6 ). After incubation with HX͞XO, the ability of NE to increase MAP was significantly attenuated ( Fig. 1; n ϭ 6 ). When M40403 (10 Ϫ6 M) was included with HX͞XO in the incubation mixture, the vasopressor actions of NE were significantly protected ( Fig. 1; n ϭ 6 . generated in vivo should restore the reactivity to exogenous NE. Administration of E. coli LPS to rats leads to the development of hyporeactivity to exogenously administered NE, a phenomenon that typically occurs within the first 60 min. This model was therefore used to test our hypothesis. Bolus i.v injections of NE (0.1-1 g͞kg) raised the MAP of anesthetized rats in a dose-dependent manner ( Fig. 2 ; n ϭ 6). Two hours after the injection of LPS (4 mg͞kg), the pressor responses to NE (0.1-1 g͞kg) were greatly reduced, indicative of the development of hyporeactivity ( Fig. 2 ; n ϭ 6). These responses to NE were restored by M40403 (0.25 mg͞kg, given as a 15-min i.v infusion 1 h after LPS; Fig. 2 ). Pressor responses to NE in rats not treated with LPS were unaffected by the SOD mimetic ( Fig. 2 ; n ϭ 6). These data strongly support our hypothesis that the hyporeactivity that develops in sepsis to exogenously administered NE is caused by the deactivation of this catecholamine by O 2 . produced in vivo.
Results

Reversal of LPS-Induced Hypotension by M40403.
As a result of these findings, the following experiments were carried out to examine the possibility that the severe and irreversible hypotension that develops in sepsis is related to the deactivation of endogenous vasoconstrictor catecholamines by O 2 . . Intravenous administration of LPS (4 mg͞kg) in rats led to a profound fall in blood pressure associated with a high mortality rate (90% mortality at 9 h, n ϭ 10; Fig. 3 ). When the SOD mimetic, M40403 (0.25 mg͞kg͞h) was administered as an i.v infusion 1h post LPS for the duration of the experimental protocol, the development of hypotension was prevented and mortality rate greatly reduced (90% survival by 9 h, n ϭ 10; Fig. 3 ). In addition, when the administration of M40403 was postponed until 5 h post LPS in this model, the severe hypotensive phase of this condition was reversed ( Fig. 3; n ϭ 10) . The rate of survival in this case was 70% by 9 h.
Measurement of Plasma Catecholamine and Adrenochrome Levels in
the Presence or Absence of M40403. As stated earlier, it has long been known that O 2 . react with NE and Epi to form the This hyporeactivity is reversed by administration of M40403 (1 mg͞kg) to the LPS-treated rat ({). The reactivity to NE in saline-treated rats is not affected by M40403 (F; n ϭ 6 for all). The chemical detection, as measured by HPLC, of NE, Epi, or DA is reduced after incubation with HX/XO. This reduction is prevented in a dose-dependent manner in the presence of the SOD mimetic M40403 (10 Ϫ7 -10 Ϫ6 M; n ϭ 6; ‫,ء‬ P Ͻ 0.05 vs. control; †, P Ͻ 0.05 vs. HX/XO).
corresponding adrenochrome products (38) (39) (40) (41) (42) (43) (44) (45) (46) . Therefore, we analyzed plasma samples from rats treated with LPS for the presence of adrenochromes, as well as for catecholamines. Fig.  4 a-c shows that plasma levels of NE and Epi, as well as adrenochromes, increased after LPS treatment (n ϭ 10). Levels of the catecholamines and of the adrenochromes could not be evaluated at the 9-h timepoint in these rats because the survival rate at this point was only 10% (n ϭ 10). Inhibition of hypotension by M40403 correlated with increased plasma levels of catecholamines (Fig. 4 a and b) and a concomitant decrease ( Fig.  4c ; n ϭ 10) in plasma levels of the adrenochromes.
Discussion
The findings obtained in this study provide strong evidence for a pivotal role for the deactivation of catecholamines by O 2 . in the pathogenesis of septic shock. They suggest that the observed hyporeactivity to exogenous NE in the clinic may be explained by the fact that patients basically receive a vasoconstrictor that is easily deactivated through in vivo generation of O 2 . . Thus, we have found that exposure (in vitro) of NE to HX͞XO (an O 2 . -generating system) destroyed its biological activity, as evidenced by loss of NE-mediated vasoconstriction when given to rats. Furthermore, our results suggest that in vivo the deactivation of vasoconstrictor catecholamines may account at least in part for the hypotension that is seen after LPS administration. Indeed, M40403, significantly prevented the LPS-induced fall in blood pressure, and this prevention was associated with (i) increased levels of NE and Epi in plasma and (ii) decreased levels in the plasma of their corresponding adrenochromes (products of the interaction of O 2 . and NE͞ Epi). Although it remains to be tested, it is possible that formation of adrenochromes accounts for the organ dysfunction associated with septic shock. Some evidence already exists to support a role for adrenochromes as specific mediators of cytotoxicity and cell damage, although their mechanism(s) of actions are not known at this stage (38, 40, 52, 53) . More pertinent to the cardiovascular abnormalities of septic shock is the fact that adrenochromes have been shown to be cardiotoxic and cause myocardial necrosis (52) (53) (54) . If true, such adrenochrome-mediated cardiotoxicity would have adverse consequences for subjects with preexisting compromise of ventricular function and systemic O 2 delivery after coronary artery disease, hypertension, and other conditions. Moreover, the possibility exists that adrenochromes may have similarly toxic effects on other organ systems, which may well contribute to the morbidity and mortality of septic shock. Another reactive oxygen species that has been extensively studied in septic shock is NO. The belief that the overproduction of NO is the major cause of circulatory failure in septic shock has caused much of the research in this field to be aimed at developing a selective inhibitor of inducible nitric oxide synthase (iNOS). This strategy, however, has been fraught with difficulties and has not yielded the benefits expected. One reason for this lack of progress may lie in the fact that, by the time iNOS is up-regulated in endotoxic shock, there is a corresponding down-regulation in the endothelial constitutive (ec) NOS (55, 56) , which would mean that NO produced from iNOS is required for vital organ perfusion in this disease. Our results reported here, as well as those by other investigators, would support the idea that NO in itself is not the culprit of hemodynamic dysfunction in septic shock, but perhaps it is the interactions that NO has with other reactive species that results in the problems that arise. This new insight allows for the development of new therapeutic therapies aimed at preventing these interactions. Furthermore, if increased formation of NO from iNOS is responsible for the hypotension͞hyporeactivity seen post LPS, then one might have expected an exacerbation of both phenomena with the SOD mimetic (e.g., the SOD mimetic increases the biological properties of NO by preventing its interaction with superoxide; ref. 57 ). This exacerbation was not the case. An added benefit of therapy with SOD mimetics in general would be the protection against organ injury caused directly by O 2 . and ONOO Ϫ in this disease. Interestingly, NO also has the ability to chemically react with and deactivate catecholamines in vitro (58) ; however, it is less effective than either O 2 . (this study) or ONOOϪ § in this regard. This reaction has been reported to result in the nitration of catecholamines, resulting in the formation of 6-nitrocatecholamines (59 is stoichometric in nature and so requires the generation of a new molecule of ONOO Ϫ for every reaction that takes place (60) . At present it is not possible to assess how much ONOO Ϫ contributes in vivo to the deactivation of the catecholamines. What we do know, however, is that M40403, by selectively removing O 2 . , will attenuate the formation of ONOO Ϫ and hence ONOO Ϫ -mediated catecholamine deactivation and damage. Furthermore, ONOO Ϫ possesses a number of independent proinf lammatory͞cytotoxic mechanisms including (i) the initiation of lipid peroxidation, (ii) the inactivation of a variety of enzymes (most notably, mitochondrial respiratory enzymes and membrane pumps), and (iii) depletion of glutathione. Moreover, ONOO Ϫ can also cause DNA damage, resulting in the activation of the nuclear enzyme poly(ADPribose) synthetase (PARS), depletion of nicotinamide adenine dinucleotide (NAD), and adenosine triphosphate (ATP), which lead to irreversible cellular damage as evidenced in septic shock and other forms of circulatory shock (61) . ONOO Ϫ also deactivates the native SOD, leading to a build up of O 2 . (62, 63) .
Our results indicate that deactivation of catecholamines may play a central role in the development of septic shock. If confirmed in more relevant animal models of shock, these results suggest that selective removal of O 2 . by low molecular weight synthetic enzymes such as M40403 could be an attractive therapeutic approach to attenuate hyporeactivity and hypotension.
In conclusion, our findings concerning the deactivation of catecholamines by O 2 . , resulting not only in the loss of their biological activity but also in the generation of cytotoxic products, have widespread implications, particularly for understanding the mechanisms of diseases in which both sympathetic mediators and free radicals play a role. For instance, adrenochromes have been implicated in the degeneration of dopaminergic neurons in Parkinson's disease (38, 64) . It is important to note that vasoconstriction is but one of the many fundamentally important effects of the catecholamines. For instance, NE and Epi inhibit the release of proinflammatory cytokines including TNF-␣ and IL-1␤ whereas they potentiate the release of the anti-inflammatory cytokine IL-10 (65-67). Based on our findings, it is very likely that, in the presence of free radicals generated in inflammatory states, the biological and therapeutic efficacy of catecholamines will be reduced.
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